Abstract: The amounts and properties of cartilage matrix components such as collagen and proteoglycans change in joint and bone related diseases, and spectroscopic studies of these components are important for developing new diagnostic and therapeutic methods. Infrared spectroscopy provides information on chromophores and vibrations related to characteristic molecules present in cells and tissues. In addition, infrared spectroscopy is a non-invasive and useful spectroscopy based analytical technique that does not use antibody labeling. In this study, we used decalcifi ed unstained specimens of canine mandibular bone and rat and rabbit tibia. The specimens were subjected to microscopic infrared spectroscopy, and analyzed by determining the infrared spectrum, with a focus on fi ber proteins (collagen) and carbohydrates (proteoglycans) present in the specimens. Normally, a large signal originating from the PO stretching mode of phosphate (PO 4 3-) is observed during measurements of the infrared absorption spectrum of bone sections; however, the above mentioned signal was not observed in our study as the samples used in our study were decalcifi ed. Instead, we observed signals from proteoglycans that are usually masked by signals originating from PO stretching and are diffi cult to observe. Measurements were performed on the same types of bone sections, and the results showed that the infrared spectrum varied greatly depending on the portion subjected to the measurements. However, in contrast, the results of the measurements conducted on the cartilage regions of rat and rabbit tibia coincided in terms of the amide I, amide II, and amide III bands, as well as the signal intensity ratio of the proteoglycan signal. Our fi ndings indicated that infrared spectrum patterns allowed the identifi cation of cartilaginous tissues in bone sections. By using this characteristic signal as a marker and carrying out two dimensional mapping on the cartilage part, for example, it is suggested that it can be applied to analysis of collagen distribution in demineralized fossil samples.
Introduction
In living organisms, bones perform myriad functions. They provide mechanical support to the body and protect soft organs such as the brain and other internal organs. In addition, hematopoiesis is a crucial function of bones, as the bone marrow continuously produces new blood cells 1) . Bones also serve as a storage place for calcium, which is essential for neuronal signal transmission, muscle contraction, and blood clotting [2] [3] [4] . Calcium stored in the bones is released into the bloodstream when the blood levels of calcium decrease 5) . In metabolic bone diseases such as osteoporosis, the balance between osteoclast mediated dissolution of the bone matrix and osteoblast mediated remineralization is disrupted, which renders the bone matrix fragile. In addition, osteoarthritis of the knee, which is a progressive agerelated deformation of the articular cartilage, is common in the elderly 6) . In knee osteoarthritis, the amounts of articular cartilage matrix components, namely collagen and proteoglycans, change along with the progression of symptoms 7, 8) . Infrared spectroscopy uses light of wavelength corresponding to the energy between the vibrational levels of molecules and allows the identification of biomolecules on the basis of molecular vibrational information. The resulting infrared spectrum reflects the molecular structure, and has been widely used in organic and structural chemistry as an extremely powerful tool. In recent years, it has also been used in protein science research and has been successful in a number of cases 9, 10) . A strong absorption band known as the amide I band, which is attributed to the vibrations of the carbonyl group of the peptide backbone, is observed in the infrared spectra of proteins. The vibration frequency of the amide I band varies with the secondary structure of the peptide backbone. Thus, infrared spectroscopy of proteins is a powerful tool for analyzing the three dimensional conformation of proteins (particularly their secondary structure) in studies involving protein folding, bioactivity, and function [11] [12] [13] [14] . It is also used for analysis of apatite which is one of components of teeth 15) . In addition, infrared spectroscopy allows for observation of molecular vibrations. It provides information on the wavelengths of chromophores and vibrations of molecules in cells and tissues and is extremely useful as a non-invasive analytical technique that does not require antibody labeling.
Various infrared spectroscopic techniques have been developed in recent years following the development of hardware. In particular, microscopic infrared spectroscopy, which allows measurement of the infrared absorption spectrum of microscopic areas, has recently attracted attention [16] [17] [18] [19] [20] . Generally, the histology of lesion sample slices are observed using a microscope; however, the infrared absorption spectrum of microscopic areas observed can be obtained without staining tissue slices when the procedure is conducted using microscopic infrared spectroscopy [21] [22] [23] . In this study, we focused on the infrared spectra of collagen and proteoglycans produced by osteoblasts. Microscopic infrared spectroscopy of decalcified unstained specimens of the canine mandibular bone and rat and rabbit tibia were examined. and F show epiphyseal rabbit cartilage and rabbit tibia, respectively, whereas Figs. 1H and I show bone tissue and oral mucosal epithelium from a canine mandible, respectively. In the following experiments, micro infrared spectroscopic measurements were performed using the above mentioned specimens.
Figs. 2A and B show hematoxylin-eosin stained rat tibia samples. Owing to the hardware used for infrared microscopy, the direction was diff erent from that depicted in 
Materials and Methods

Sample Preparation
Each animal sample was fi xed 24 hours with 10% formalin neutral buffer, and consequently decalcified with 10% Ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA) for 14 days in 4°C. Then the tissue was routinely embedded in paraffi n, and 5μm-thick serial sections were prepared. The specimens were used for conventional hematoxylin-eosin (HE) staining. For Fourier Transform Infrared Microscopy analysis, 5 μm-thick specimens are stuck to the L 76 × W 26 × T 2 mm calcium fl ouoride slides, deparaffi nized by xylene, replaced for ethanol, washed in tap water and dried.
FT-IR microscopy
A Nicolet TM iS TM 50 FT-IR (Thermo Fisher Scientifi c Inc., Waltham, MA, USA ) was used as the infrared spectrophotometer. A Continuum Fourier Transform Infrared Microscope (Thermo Fisher Scientific Inc.) was used for microscopic measurements. A detector of Mercury Cadmium Telluride (HgCdTe (MCT) ) chilled to liquid nitrogen temperature was used for infrared spectrum measurements. The location of the measured portion was confi rmed using a CCD camera attached to the microscope. With a wavenumber interval of 4 cm -1 , spectra were measured within the range of 4000 to 650cm -1 . The cumulative indicates the number of times the measurement was set to 250-500. The area where microscopic infrared spectrum was measured was based on 150 × 150 μm 2 , and in some cases measurements were made with the shows the epiphyseal cartilage area where infrared absorption spectrum was measured using a infrared micro spectrophotometer. Figure 5 .This spectrum is the microscopic infrared spectrum of the part surrounded by the middle square in Fig. 4C . In addition to a strong amide bands, the signal of proteoglycan is observed. where measurements of the infrared absorption spectra were conducted.
Figs. 3A and B show the microscopic infrared spectra of the areas surrounded by a square in Figs. 2C (bone) and D (epiphyseal cartilage), respectively. These infrared spectra of tissue on calcium fl uoride plate were observed with well resolved signals. Among the signals observed in Fig. 3 , the peak at 1650 cm -1 is called "amide I band" due to CO stretching vibration mode at the peptide bond. Signals of 1542 cm -1 (NH bending vibration mode, CN stretching vibration mode) and 1240 cm -1 (CN stretching vibration mode, NH bending vibration mode) are called amide II and amide III band, respectively. Among these signals, the positions and shapes of the peaks of the amide I band diff er depending on the protein secondary structure. Therefore, by analyzing this signal, information on the protein secondary structure can be obtained. The infrared spectrum of the protein in the aqueous solution overlaps with the HOH bending vibration mode of water and the amide I band of the protein, but since the sample used this experiment was dried, HOH bending vibration oscillation was not observed at all. Fig. 4A shows pictures of hematoxylin-eosin stained bone sections from rabbit tibia. Fig. 4B shows magnified picture of the area surrounding the regions indicated by squares in Fig. 4A . Fig. 4C is a picture of a sample actually subjected to IR microscopy absorption measurement. It essentially represents the same area as in Fig. 4B . Both Figs. 4B and C show areas made of cartilage. Fig. 4A shows pictures of hematoxylin-eosin stained bone sections from rabbit tibia. Fig. 4B shows magnified picture of the area surrounding the regions indicated by squares in Fig. 4A . It can be seen that this part is Fig. 4C is a picture of a sample actually subjected to IR microscopy absorption measurement and it essentially represents the same area as in Fig. 4B . The result of measuring this part by microscopic infrared spectroscopy is shown Fig. 5 . As in Fig. 3 , it gives a very well separated spectrum. Surprisingly, the infrared absorption spectrum obtained from the rabbit section sample gave almost the same one as that from rat. Fig. 6A shows bone tissue, and Fig. 6C shows oral mucosa epithelium. Figs. 6B and D are photographs of the mandible of a nonstained canine immobilized on calcium fl uoride. The part surrounded by a square in these photographs represents the part where microscopic infrared spectroscopy was performed. Figs. 7A and B show infrared absorption spectra measured using the Fourier Transform Infrared Microscopy of the oral mucosal epithelium and mandibular structure of canines, respectively. The cartilage spectrum shown in Fig. 7C is identical to that shown in Fig. 5 .
Discussion
In both spectra shown in Figs. 3A and B, a large signal was observed in the vicinity of 1650 cm -1 . An extremely strong HOH bending mode originating from water was found at 1647 cm -1 in the infrared spectrum of proteins in aqueous solution. The bone section specimens that were used in our study had been dried and fixed in CaF 2 plates, because of which, the observations did not show any HOH bending mode. A signal (amide I) with a characteristic strong absorbance on the spectrum originates mainly from the CO stretching mode involved in the binding of peptides responsible for forming the protein backbone [24] [25] [26] . This signal has often been used as a marker in the secondary structure analysis of proteins in liquid solutions.
Similarly, peaks in the vicinity of 1540 cm -1 (NH bending mode, CN stretching mode) and 1240 cm -1 (CN stretching mode, NH bending mode) can be attributed to the amide II and amide III bands, respectively. The amide II band originates from the NH-bending mode accompanying the CN stretching mode, and the shift toward a lower wavenumber indicates the presence of hydrogen bonds 27, 28) . The amide III band shows an infrared absorption attributable to the vibrations of CH 2 groups from a glycine backbone and a proline side chain, as well as to the peak combining the infrared absorption of the CN stretching mode and that of the NH bending mode from the amide bond 24) . Thus, identification of amide bands in the infrared spectrum indicated the presence of remaining protein in the decalcifi ed samples. Findings from the spectra revealed that the intensities of the signals corresponding to amide I and amide II were relatively strong, and therefore, they can be used for detection of extremely small amounts of proteins. For example, a very small amounts of proteins in various tissues, such as well preserved dinosaur fossil bones, can be measured using Fourier transform infrared microscopy.
Usually, measurements of the infrared absorption spectrum of bones reveal a large signal between 1150 cm -1 and 1360 cm -1 , which originates from the PO stretching mode of phosphate 29) ; however, this signal is absent in the spectrum shown in Fig. 3 , possibly because of the use of decalcifi ed samples. Instead, signals which are normally covered by the phosphate derived signal were found between 1033 cm -1 and 1081 cm -1 . The aforementioned signals are more clearly visible in the spectrum shown in Fig. 3B , which was obtained from measurements conducted on cartilage. Cartilage is composed of elements such as type II collagen, triple helical fi ber proteins, non-collagenous proteins, and proteoglycan (PG). The structural components and the wavenumbers of detection of the signals suggested that the signals may have originated from the CO stretching mode of carbohydrates inside the proteoglycans contained in cartilage.
Similar to the spectrum shown in Fig. 3B , signals from amide I, amide II, and amide III were strongly visible in Fig. 5 , indicating that the samples contained collagen, the main protein component of cartilage. Interestingly, the signals' linear aspects and intensity ratios were surprisingly similar, and there was no apparent diff erence between rat and rabbit tibia. In addition, signals from proteoglycans were observed at 1033 cm -1 and 1081 cm -1 . As observed previously, the wavenumbers, line widths, and relative intensity ratios coincided extremely well in these cases. The results indicated that the basic characteristics of cartilage infrared spectrum were retained, even between organisms of diff erent species.
Figs. 7A and B are the infrared absorption spectra of same bone tissue sample from canines, but the linear shape diff ered depending on the measurement site. In Fig. 7A , extremely weak signals were obtained within the area ranging between 1030 cm -1 and 1080 cm -1 . However, the noise level rendered interpretation of the source of these signals (as peptidoglycans) difficult. In addition, the intensity of the signals corresponding to amide III at 1238 cm -1 were markedly weakened. In the amide I band, several signals corresponding to the secondary structure of proteins overlapped with each other; the approximate composition ratios of α helices, β sheets, and random coils can be estimated by performing a linear analysis of the signals 30, 31) . In the case of collagen, the amide I band originates from the C=O stretching mode in the Gly-X-Y sequence (X and Y represent proline and hydroxyproline, respectively 32, 33) ), and it is formed from three main components, namely [1] the carbonyl group of proline located on X, [2] its interactions with the amine group of Gly in other repeated units, and its [3] interactions with water (~1690 cm -1 , 1630 cm -1 ). The signal intensity at 1456 cm-1 was markedly reduced in Fig. 7B compared to that shown in Fig.7C and A. This change can be attributed to the bending mode of -CH 2 and -CH 3 . Since an amide I band was found at 1652 cm -1 and an amide II band at 1546 cm -1 , the changes in the signal may have been due to changes in lipid content and not due to a decrease in the amount of proteins.
In this study, we analyzed decalcifi ed bone sections using Fourier transform infrared microscopy. Normally, the infrared spectrum of a bone section can be observed as an extremely large signal originating from the PO stretching mode of phosphate. Since the samples used in this study were decalcified specimens, we were able to observe signals which are normally hidden and removed from the spectrum. Meanwhile, the results of measurements conducted on rat and rabbit cartilage showed that the amide I, amide II, and amide III bands coincided between rat and rabbit cartilage, and that the intensity ratios of the signals from proteoglycans also matched with each other. The results suggest that observation of the infrared absorption spectrum may allow determination of the tissue source on the basis of characteristic signals. In addition, we used decalcifi ed samples and focused on signals from proteoglycans. We performed two dimensional mapping on the basis of the signals, and our fi ndings suggest that this can allow creation of images of unstained tissues. This also implies that the technique may be useful in determining the actual distribution of proteoglycans in tissues.
Confl ict of Interest
The authors have declared that no COI exists.
